Summary. The relative volume of Day-3 mouse embryos changed as a linear function of the reciprocal of osmolarity of non-permeating solutes after 10 min exposure to sucrose and glycerol\p=m-\sucrose solutions at 20\s=deg\C.The slope of the linear regression line was less in glycerol\p=m-\sucrose than in sucrose solutions because glycerol permeation caused re-expansion.
Introduction
Since the first methods for frozen storage of mouse embryos were developed by Whittingham et al (1972) and by Wilmut (1972) , further research has concentrated on the simplification of pro¬ cedures, application to other species and improvement of viability. Amongst the most important advances in achieving these goals are the recognition that embryos survive rapid thawing if the slow rate freezing is terminated at -30 to -45°C (Willadsen, 1977; Willadsen et al, 1978) and the development of an in-straw cryoprotectant dilution technique (Leibo et al, 1982; Renard et al, 1982) . Miyamoto & Ishibashi (1983) reported that mouse embryos survive freezing by direct transfer to subzero temperatures without seeding. The viability of directly frozen embryos depends on the degree of dehydration which can be controlled by the inclusion of sucrose in the freezing medium (Nguyen et al, 1983; Renard et al, 1984) .
The effects of cryoprotectant and sucrose concentrations on the survival of rapidly frozen embryos have been studied by several authors including Bui-Xuan-Nguyen et al (1984) , Vincent et al. (1985) and Biery et al. (1986) . The present work examines the interrelationships between glycerol and sucrose concentrations in the freezing medium and the method of equilibration on the osmotic behaviour and post-thaw survival of rapidly frozen Day-3 mouse embryos.
Materials and Methods
Source of embryos WEHI mice aged 6-12 weeks were induced to superovulate by intraperitoneal injections of 5 i.u. PMSG and 2 i.u. hCG 46 h apart. The females were paired with males at the time of hCG injection and the embryos were recovered 66-70 h later by flushing the reproductive tracts with Dulbecco's phosphate-buffered saline (PBS) supplemented with 5% fetal calf serum (FCS) . PBS was prepared as described by Dulbecco & Vogt (1954) (1980) and Széll & Shelton (1986b Studies on the viability offrozen-thawed embryos Experiment 4. The effect of the method of equilibration on the post-thaw survival of embryos was studied. The embryos were exposed to 0-5 M-sucrose or to 40 M-glycerol for 5 min before being pipetted into 40 M-glycerol -I-0-5 M-sucrose for another 5 min or were placed into 40 M-glycerol + 0-5 M-sucrose in 1-step for 10 min and then frozen. The experimental unit was a group of 20 embryos and the experiment had 3 replications. The number of frozen-thawed embryos developing to blastocysts was expressed as a proportion of those frozen.
Experiments 5 and 6. The effects of glycerol (20, 3-0, 40 or 50m) and sucrose (0, 0125, 0-25, 0-5 or 10m) concentrations of the freezing medium on the post-thaw survival were studied. In Exp. 5 the embryos were placed into glycerol-sucrose solutions for 10 min directly from PBS + 5% FCS (1-step addition). In Exp. 6, before placing into glycerol-sucrose for 5 min, the embryos were exposed for 5 min to a solution containing glycerol only in identical concentration (2-step addition). After equilibration the embryos were frozen. The experimental unit was a group of 20 embryos and Exp. 5 had 5 and Exp. 6 had 3 replications. The number of frozen-thawed embryos developing to blastocysts was expressed as a proportion of those frozen.
Experiment 7. The effects of freezing and in-vitro culture on the subsequent development of embryos in foster mothers were studied. According to random allocation to treatment, groups of 10 fresh or frozen-thawed embryos were transferred into recipients after 24 h culture in Whitten's medium or without culture. Before freezing the embryos were equilibrated in 40 M-glycerol + 0-5 M-sucrose in 2-step as described at Exp. 6. Five embryos were transferred into each uterine horn of recipients on the afternoon of the third day of pseudopregnancy. The recipients were allowed to go to term. The number of live-born young was expressed as a proportion of embryos allocated to treatment (overall survival rate). The experimental unit was a group of 10 embryos and the experiment had 6 replications.
Freezing and thawing procedures. The embryos were exposed to freezing media at 20°C and then frozen in 0-5 ml plastic straws as described in detail by Széll 8c Shelton (1986a (Leibo et al, 1982; Renard et al, 1982) . After mixing the two fractions of the straw, 10 min at 20°C was allowed for glycerol removal (Széll & Shelton, 1986a Fig. 2 . The pattern of changes in the volume of embryos was dependent on the pretreatment ( < 0001). The volume of embryos previously dehydrated was smaller than those without pretreatment and both increased with the time of equilibration. The volume of embryos previously permeated by glycerol was initially the highest and showed a decrease with the time of equilibration. Viability ofembryos in vitro after rapidfreezing in glycerol-sucrose Effect of method of equilibration on the survival offrozen-thawed embryos in vitro. The survival rate of embryos which were previously dehydrated by sucrose, permeated by glycerol or placed into glycerol-sucrose in 1-step was 53, 74 and 58% respectively. The viability of previously permeated embryos was significantly (P > 0001) higher than that of the other two groups.
Effect ofglycerol and sucrose concentrations on the viability offrozen-thawed embryos in vitro. The survival of rapidly frozen embryos as a function of glycerol and sucrose concentrations of the freezing medium was studied after 1-step and 2-step addition (Table 1 ). Visual observation indicated that freezing media containing 40 M-glycerol + 1 M-sucrose, 50 M-glycerol + 0-5 or 10 M-sucrose vitrified upon transfer into liquid nitrogen vapour. At 30 and 40 M-glycerol concen¬ tration the survival rate for most treatment combinations was higher using 2-step addition In Exp. 6 the viability was less dependent on the sucrose concentration; at all glycerol levels the optimal survival rate was attained at 0-25 M-sucrose concentration and in 40 and 50 M-glycerol solutions there was no decline with higher sucrose concentrations. Viability of embryos in vivo after rapidfreezing in glycerol-sucrose The effects of rapid freezing and 24 h in-vitro culture on the proportion of recipients giving birth, their mean litter size and the overall survival rate of embryos are summarized in Table 2 . The proportion of frozen-thawed embryos developing to term was less than that of fresh embryos. In-vitro culture improved the overall survival rate of frozen-thawed embryos from 17 to 30%; there was much less difference betwen the overall survival rates of fresh embryos transferred without or after culture (27% vs 38%).
Discussion
The osmotic response of mouse embryos to permeating solutes, non-permeating solutes and to the mixtures of permeating and non-permeating solutes have been described by Jackowski et al (1980) , Leibo (1980) and Széll & Shelton (1986b) . In the solutions of non-permeating solutes like sucrose the osmotic equilibrium is established by shrinkage and there is no further change afterwards. In glycerol and in glycerol-sucrose solutions, however, glycerol permeation continues after the estab¬ lishment of osmotic equilibrium as demonstrated by the re-expansion of embryos (Jackowski et al, 1980; Széll & Shelton, 1986b) .
The measurements of the osmotic response were based on the assumption that the shape of Day-3 mouse embryos is spherical. The validity of this assumption is proved by the close correla¬ tion between the relative volume of embryos and the reciprocal of the osmotic pressure. Osmotic pressure created by glycerol was not considered in Fig. 1 because at 20°C after 10 min exposure to glycerol-sucrose the embryos become almost fully permeated by glycerol (Széll & Shelton, 1986b ). This presentation also made the osmotic response of the embryos to the same sucrose concen¬ tration in sucrose and in glycerol-sucrose solutions readily comparable. The embryos responded osmotically to increases in sucrose concentration in both solutions by reducing their volume. The deviation from the predicted shrinkage in 1 0 M-sucrose indicates that embryos do not respond to very high osmotic pressures like 'perfect osmometers'. This deviation means the development of an osmotic pressure gradient between the extra-and intracellular spaces. Exceeding a tolerable limit in this pressure difference will inevitably damage the cell membrane. Such osmotic damage may explain the toxic effects of highly concentrated sucrose solutions (Széll & Shelton, 1986a) . Similar deviations from the predicted volumetric response were found for erythrocytes when the osmolarity of non-permeating solutes exceeded 1-1 osmol (Meryman, 1968) . Red cell ghosts which have no cellular contents, but whose membrane characteristics are still normal show no departure from the predicted osmometric response. This suggests that deviations in normal cells are caused by the cellular contents (Meryman, 1970) . Extrapolation of the regression line of Exp. 1 to infinitely high osmolality indicates that about 13% of the isosmotic volume of Day-3 mouse embryos is nonsolvent volume. Slightly higher estimates have been made for fertilized mouse ova and for bovine embryos by Leibo (1980 Leibo ( , 1986 .
The smaller slope of the regression line for embryos exposed to glycerol-sucrose than for those exposed to sucrose can be explained by re-expansion in glycerol-sucrose. In glycerol-sucrose solution the extracellular osmotic pressure is counteracted not only by shrinkage but also by intra¬ cellular glycerol. Therefore, at sucrose concentrations of 0-25 m or higher less shrinkage was required to maintain osmotic equilibrium in glycerol-sucrose than in sucrose solutions.
The requirement for higher glycerol concentrations during rapid freezing compared to con¬ trolled rate freezing cannot be explained by protection against solution effects since the exposure to such effects is much shorter (Széll & Shelton, 1986b) . Meryman (1970) (Rail et al, 1978; Mazur, 1980) . The present experiments suggest that embryos, like erythrocytes, are unable to maintain osmotic equilibrium with very concentrated solutions and an osmotic pressure difference will damage the cell membrane. Glycerol decreases the extracellular osmolarity of non-permeating solutes due to its ability to reduce the frozen fraction of water (Rail et al, 1978) and increases the intracellular osmolarity through permeation. This suggests that glycerol protects embryos during rapid freezing through reducing the osmotic pressure difference between the extraand intracellular spaces. A corollary to this explanation is that glycerol must permeate the cells to exert its protective effect through increasing the intracellular osmolarity. The present results, which show that previous exposure to sucrose reduced the rate of glycerol permeation and resulted in lower post-thaw survival rate compared to no pretreatment, support this proposition.
The differences between the post-thaw survival of embryos after 1-step and 2-step addition are probably also related to alterations in glycerol permeation. The survival rate of embryos frozen in media containing 3 0 or 40 M-glycerol was substantially higher and less dependent on sucrose concentration using 2-step rather than 1-step addition. The optimum survival rate was also attained at a lower glycerol level when the embryos were placed first into glycerol and then into glycerol-sucrose. The concentrations of sucrose and glycerol in the freezing medium were in inter¬ action; the optimal results were obtained at higher sucrose concentrations with increasing glycerol level. Biery et al (1986) found a similar relationship between sucrose and glycerol concentrations for rapidly frozen Day-4 mouse embryos.
Our previous work (Széll & Shelton, 1986a) showed that 0-5 M-sucrose is adequate for the dilution of up to 40M concentrations of glycerol. It was therefore assumed that in the present experiments the dilution of 20 to 50 M-glycerol with 10 M-sucrose did not cause any osmotic damage.
The occurrence of vitrification in contentrated glycerol-sucrose solutions indicates that there is no need to use more complex media which require step-wise addition and removal at 4°C (Rail & Fahy, 1985) for the ice-free cryopreservation of mouse embryos. From the present experiments, however, it appears that there is no benefit offered by vitrification in addition to that provided by dehydration and the presence of a permeating cryoprotectant.
Under optimal conditions the in-vitro survival rate of frozen-thawed embryos (90-95%) was almost identical with the viability of unfrozen embryos (90-99%) (Széll & Shelton, 1986a) . The in-vivo viability of rapidly frozen and fresh embryos was different, indicating that rapid freezing causes substantial damage to embryos. This difference was less than that reported for embryos frozen at controlled rates (Whittingham et al, 1977; Rail et al, 1984 
